The structural changes of 0.71Pb(Mg 1/3 Nb 2/3 )O 3 -0.29PbTiO 3 (PMN-29PT) are studied by dielectric and optical absorption and hard-mode Raman spectroscopy as a function of temperature. In addition to the known phase transitions of this material at 100, 110 and 124
I. INTRODUCTION
In the last decade single crystals of (1-x)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 (PMN-PT) have emerged as highly promising multifunctional materials with excellent electromechanical and electrooptical properties, particularly for compositions close to the morphotropic phase boundary (MPB). [1] [2] [3] [4] The applications range from wave guides to ultrasonic transducers for high-performance ultrasonic imaging in diagnostics. [4] [5] [6] In the [111] orientation PMN-PT single crystals possess excellent pyroelectric properties making them interesting candidates for pyroelectric detectors with sensitivities that could match those of deuterated tryglicine sulphate single crystals (DTGS), which are the materials with the best known sensitivity yet combining high robustness and chemical stability. 7 These excellent properties probably originate from structural features inherent to the MPB first discovered in the PbZrO 3 -PbTiO 3 (PZT) system. [8] [9] [10] In particular, the discovery of two intermediate monoclinic ferroelectric phases being thought to mediate the structural transition from rhombohedral to tetragonal has offered a suitable framework for correlating crystal chemistry and physical properties observed in the MPB region. [11] [12] [13] [14] [15] [16] Vanderbilt and Cohen have shown in their pioneering theoretical work 17 that three types of monoclinic structures, namely M A (P x = P y = P z , P z > P x ) and M B (P x = P y = P z , P z < P x ) with Cm symmetry and M C with P m symmetry, are stable in the MPB composition range, stimulating extensive experimental work to prove their existence using different techniques. [11] [12] [13] [14] [15] Ye et al. have investigated the effect of poling and report that the monoclinic M A -type phase appears at room temperature in poled PMN-35PT crystals under an electric field of 43 kV/cm while in crystals poled under electric fields below 5 kV/cm the rhombohedral phase predominated. 18 Yang et al. reported an electric-field-induced M C → M A phase transition in a PMN-33PT single crystal investigated by polarized micro-Raman spectroscopy. 19 Temperature-dependent studies by Bao et al. claimed the coexistence of monoclinic M Aand M C -type phases in a PMN-32PT single crystal at room temperature. The transition sequence taking place during heating is reported to be M A → M C → C. 20 In the present work we present a systematic study of the phase transitions in an [111]-oriented single crystal of 0.71Pb(Mg 1/3 Nb 2/3 )O 3 -0.29PbTiO 3 using x-ray diffraction, temperature-dependent dielectric properties, and ultraviolet/visible (UV/VIS) and Raman spectroscopy. We show that two low-temperature phases are stabilized in unpoled [111]-oriented PMN-29PT. The phase transitions are analyzed theoretically in the framework of the Landau theory of phase transitions. This approach reveals unifying schemes for the transition mechanisms allowing us to propose a self-consistent model for the underlying polarization rotation path.
II. EXPERIMENTAL
0.71Pb(Mg 1/3 Nb 2/3 )O 3 -0.29PbTiO 3 (PMN-0.29PT) single crystals are grown from the melt by a modified Bridgman technique. 21 [111]-oriented crystals are cut into square pieces of 0.5 × 0.5 × 0.03 cm 3 and polished using a diamond suspension. The electrical poling is performed at 80
• C under an electric field of 10 kV/cm for 30 min followed by a slow cooling process to room temperature under an applied electric field. Depoling of the crystal is performed by heating it with 2K/min to 200
• C, holding it for 30 min at this temperature, following with a slow cooling process with less than 2K/min to ambient temperature. Dielectric measurements are performed at 1, 10, and 100 kHz with a computer-controlled Agilent 4192A impedance analyzer equipped with a hot stage ensuring a temperature control of ± 0.5 K. The ac-driving-signal amplitude was 100 mV.
X-ray diffraction studies are performed with a BraggBrentano diffractometer (by PanAnalytical X'Pert PRO MPD, Netherlands) operating in the /2 mode using monochromatic Cu K α radiation (λ = 1.5406Å). Optical properties are measured at different temperatures using a ultraviolet/ visible/near infrared (UV/VIS/NIR) spectrophotometer (by Lambda35, Perkin Elmer) equipped with a homemade heating stage ensuring a temperature control of ± 0.5 K. Temperaturedependent Raman spectra are recorded with a SENTERRA Raman microscope spectrometer (by Bruker, Germany) at 536 nm excitation wavelength and a laser power of 20 mW. The temperature is controlled to ±0.5 K and the instrumental resolution is around 3 cm −1 . Raman band positions and intensities are evaluated by fitting the spectra using the software package OPUS 6.5 (by Bruker, Germany). Figure 1 represents the dielectric constant and the dielectric loss of a PMN-29PT single crystal at 1, 10, and 100 kHz as a function of temperature. The poled crystal [see Fig. 1(a) ] shows two sharp phase transitions at 100 and 110
III. RESULTS

A. Dielectric properties
• C, followed by a broad (T ) peak centered at 124
• C with a maximum dielectric constant of 40 000. Such diffuse ferroelectric-paraelectric phase transition is typical for relaxor ferroelectrics and can be attributed to atomic disorder and compositional fluctuations in the crystal. 22 The unpoled crystal [see five dielectric anomalies, at 42, 60, 95, 99, and 116
• C in the dielectric loss, whereas the dielectric-constant measurement shows only one broad peak centered at 116
• C with a maximum of 40 000. It is well known that the dielectric behavior of a crystal is very sensitive to structural changes, therefore, the dielectric-loss peaks can be assigned to phase transitions in the material occurring as a function of temperature. The two sharp anomalies at 100 and 110
• C for the poled crystal and 95 and 99
• C for the unpoled crystal are assigned to the monoclinic → monoclinic and monoclinic → tetragonal phase transitions whereas the broad anomalies at 124
• C and 116
• C are related to the ferroelectric → paraelectric phase transition in PMN-PT, respectively. For the unpoled sample two further low-temperature anomalies are observed at 42 and 60
• C. To our knowledge it is the first time that low-temperature anomalies are reported to occur in permittivity measurements of unpoled PMN-PT compounds. Frequency-dependent measurements show no shift in the peak temperatures for these anomalies, revealing that relaxation processes can be discarded as a possible explanation for their occurrence.
B. X-ray diffraction studies
The x-ray diffraction patterns of the poled and unpoled PMN-29PT single crystal are shown in Fig. 2(a) . Due to the fact that the single crystal is oriented along the pseudocubic [111] direction, the information content of the powder xray diffraction studies is limited to the pseudocubic hhh reflections. Figure 2(a) shows the splitting of the pseudocubic 111 reflection and a significant intensity change after poling, indicating a field-induced structural phase transition. Figure 2 (b) shows the calculated intensities for the rhombohedral R3m phase, the monoclinic M A and M B phases with Cm symmetry, the monoclinic M C phase with P m symmetry, and the cubic P m3m phase, assuming a single-crystal preferred orientation along the pseudocubic [111] direction for all phases. The experimental intensities for the poled crystal are in accordance with the calculated intensities for the monoclinic Cm phases, whereas a rhombohedral structure is found for the unpoled crystal in accordance with previous studies.
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C. UV/VIS spectroscopy
The optical transmittance spectra of a poled [111]-oriented PMN-29PT single crystal in the visible and near UV regions are shown in Fig. 3 at different temperatures. The crystal is all transparent in the visible region and rolls off near 450 nm, and it becomes completely absorbing around 390 nm, indicating an optical absorption edge in near UV. With increasing temperature the maximum transmittance increases from 64.5% at 25
• C to 66.9% at 125
• C and the short-wavelength cutoff becomes sharper. The transmittance at 800 nm is shown as a function of temperature in Fig. 4(a) . The transmittance is more or less constant with a slight increase from 61.0% at 25
• C to 62.6% at 125 • C. When the sample is cooled down to room temperature, the transmittance follows the heating curve down to 90-100
• C; below 90
• C the transmittance decreases significantly from 61.8% to 54.2% at 30
• C, indicating that the phase behaviors are different for heating and cooling conditions. The following reasons can (111) Mc and using the program POWDERCELL. 24 The peak profile is modelled with a Lorentzian-peak shape function.
be assigned for such a behavior: (1) the phase paths which are followed during heating and cooling can be different, not all of the phase transitions are reversible. (2) The domain structure of the poled crystal with well-aligned stripe-like microdomains is quite different from that of the unpoled crystal, which after heating shows randomly oriented nanodomains. The change of the domain structure is irreversible, the smaller size of the domains and the higher amount of domain walls influence the optical properties negatively and reduce the overall transmittance in the UV/VIS/NIR spectral range. The optical absorbance, defined as A = −log 10 T = λ cd, with c being the concentration of the absorbing species found for the ferroelectric → paraelectric phase transition in lead-germanium-telluride thin films. 28 Four deviations from linearity at 43, 60, 100, and 110
• C are found at 800 nm. These breaks in slope indicate small changes of the optical properties and thus point to structural changes. The transition temperatures at 100 and 110
• C are in accordance with the peaks in the dielectric measurement shown in Fig. 1(a) . The low-temperature anomalies at 43 and 60
• C might be suggested but are not clearly resolved by dielectric measurements.
The optical transmittance spectra of the unpoled state are shown in Fig. 5 at different temperatures. Again, the crystal is all transparent in the visible region and it rolls off near 450 nm before becoming completely absorbing around 390 nm. With increasing temperature the maximum transmittance increases from 64.7% at 25
• C to 67.1% at 125
• C and the short-wavelength cutoff becomes significantly sharper. The transmittance at 800 nm is shown as a function of temperature in Fig. 6(a) . The change of the optical properties as a function of temperature is less pronounced for the unpoled crystal, showing similar curves for the heating and cooling run. At 800 nm the transmittance of the unpoled crystal is by 1.3% higher than that of the poled crystal, and it increases by 3% from 62.3% at 25
• C to 65.2% at 125
• C. The optical absorbance at 800 nm is shown in Fig. 6(b) . Four deviations from a linear dependence are found at 43, 62, 95, and 115
• C. The transition temperatures are in accordance with the peaks of the dielectric measurement shown in Fig. 1(b) . cations and are related to the B -O-B bending and stretching modes, respectively. By considering the mass effect, the higher and lower frequencies are related to the Ti-O and Mg/Nb-O bonds, respectively. [29] [30] [31] After poling, the intensities of the shoulder peak at 511 cm −1 and the doublet peak at 780 cm
D. Raman scattering
significantly increase, which was reported by Yang et al. to be a signature of the existence of the M A -type monoclinic structure.
19 Figure 8 shows Raman spectra of a poled [111]-oriented PMN-29PT single crystal as a function of temperature. Despite the fact that the paraelastic phase above the ferroelectricparaelectric phase transition is assumed to adopt a centrosymmetric structure with P m3m symmetry, a Raman spectrum exists at all temperatures far above the Curie temperature indicating that the local translational and (or) rotational symmetry is broken at all temperatures. Since the Raman spectra do not show drastic spectral changes, the evolution of the frequency and intensity for these Raman bands is analyzed as a function of temperature. According to the concept of hard-mode Raman spectroscopy, [32] [33] [34] [35] these bands should be sensitive to structural changes. The 400 to 700 cm seen and, generally, more or less pronounced depending on the particular phonon. The latter point can be easily verified in Fig. 9 showing that spectral changes are clearly visible for some plots while they are less pronounced in others. The Raman band at around 430 cm −1 is showing a clear low-frequency shift in the temperature range 25
• C T 97
• C. Between 97 and 105
• C the frequency is constant, before the mode hardens up to 130
• C. For temperatures above 130
• C the frequency remains constant. The change in the frequency shift is accompanied by a change in intensity, shown in Fig. 9(b) . Three deviations from a linear decrease are observed at 97, 105, and 130
• C corresponding well with the changes in slope of the frequency shift shown in Fig. 9(a) . The frequency shift of the Raman band at around 753 cm −1 shows three less pronounced discontinuities at 97, 105, and 125
• C corresponding to intensity changes at 97, 110, and 120
• C. The Raman spectra of the unpoled [111]-oriented PMN-29PT single crystal are shown at different temperatures in Fig. 10 and the frequency shifts and intensities of the Raman Figure 12 compares the Raman spectra of the poled and unpoled crystal at 50, 70, 90, and 110
• C. While the Raman spectra are essentially different for temperatures below 110
• C, they are identical for all temperatures above 110
• C, indicating a similar structure above the ferroelectric-paraelectric phase transition temperature for the poled and unpoled crystal.
Raman scattering is a well-suited technique for the investigation of local lattice distortions on an atomic scale. Polyhedron distortions in oxides are known to result in a high-frequency shift. [36] [37] [38] [39] The slightly higher frequencies of the modes (by 1-2 cm −1 ) around 430 and 753 cm −1 of the poled crystal indicate a higher degree of polyhedral distortion in the structure of the poled sample. All bands show a low-frequency shift with increasing temperature. The only exception is the band at 430 cm −1 , which hardens between 105 and 130
• C. The softening of the modes with increasing temperature is in accordance with the assumption that the paraelectric high-temperature phase is of higher symmetry and less distorted, whereas the hardening of the 430 cm −1 mode indicates the formation of an intermediate phase with a higher degree of polyhedral distortion.
IV. DISCUSSION
A. Phase transition sequence in PMN-29PT
Dielectric, optical UV/VIS, and Raman spectroscopic investigations suggest a complex phase-transition sequence in poled and unpoled PMN-29PT as a function of temperature with the formation of several intermediate phases before reaching the paraelectric cubic phase. Figure 13 shows the proposed phase-transition sequence for poled and unpoled PMN-29PT as a function of temperature. At ambient temperature poled PMN-29PT possesses a monoclinic M A -type structure that transforms at 100
• C into a monoclinic M C -type structure. The phase transition at 110
• C is assigned to the transformation of the monoclinic M C phase into the tetragonal phase, which finally transforms at 124
• C into the cubic phase having an average macroscopic symmetry of P m3m. The unpoled crystal exhibits a rhombohedral structure at room temperature. Two low-temperature phase transitions at 42 and 60
• C are observed in unpoled PMN-29PT. These phase transitions are assigned to the rhombohedral R → M B and M B → O transitions. The orthorhombic O phase transforms at 95
• C into the monoclinic M C phase that transforms at 99
• C into the tetragonal T and at 116
• C into the cubic C phase. • C.
B. Group-theoretical analysis
A group-theoretical analysis is now performed in order to rationalize the experimental observations ensuing the phase transformations depicted above. The ideal structure of perovskite-type ABO 3 oxides is essentially simple possessing corner-linked BO 6 octahedra with the B cations at the center of the octahedra and the A cations in cuboctahedral voids between the octahedra. In PMN-PT the B site is occupied by either magnesium, niobium, or titanium. Fully disordered PMN-PT possesses cubic P m3m symmetry. According to the selection rules of P m3m symmetry no mode should be Raman active (see Table I ). Ordering is known to be favored in the octahedral B site because there is a substantial charge difference between the three cation species Mg 2+ , Nb 5+ , and Ti 4+ . Different ordering schemes are discussed in order to explain the appearance of the intense Raman spectrum in the paraelectric P m3m cubic phase. Husson et al., 41 Bismayer et al., 42 and Kania et al. 43 explained the origin of the Raman spectrum of the cubic phase of complex perovskites by the existence of ordered F m3m clusters with 1:1 order of Mg and Nb in the B sublattice. Svitelskiy et al. 44 suggest that the PMN-PT Raman spectrum can originate both from the F m3m clusters and microscopic polar R3m nanoregions, which are rich in Mg, Nb, or Ti, thermodynamically in nonequilibrium, thus breaking the translational symmetry. To the best of our knowledge, there has been so far no convincing experimental evidence for a long-range ordered phase, therefore for the group-theoretical analysis the average symmetry of the paraelectric phase is assumed to be P m3m, and the observed Raman activity is attributed to the existence of polar nanoregions.
The five atoms in both the rhombohedral R3m and tetragonal P 4mm unit cells of the ferroelectric PMN-PT phases below the Curie temperature give rise to nine ( Raman = 4A 1 + 5E) and ten ( Raman = 4A 1 + 1B 1 + 5E) Raman-active phonon modes, respectively. For the low-symmetry orthorhombic, monoclinic, and triclinic structures with Amm2, Cm, P m, and P 1 symmetries, 15 Raman-active phonon modes are symmetry allowed. A detailed overview of the symmetry and activity of the different modes in these structures are summarized in Tables II-VII . Figure 14 gives the correlation between the phonon modes of the symmetry groups involved in the proposed transformation process. The number of Raman-active phonon modes is identical for the orthorhombic, monoclinic, and triclinic structures and reduces theoretically from 15 to 9, and 10, respectively, with increase of the symmetry to R3m or P 4mm symmetries. The invariant number of Raman-active phonon modes for the low-symmetry structures is the reason why only small changes of the Raman spectra are observed as a function of temperature.
The thermodynamic paths relating the different structures, depicted in Fig. 13 , are shown in Fig. 15 . The simple cubic P m3m phase can be taken as the parent structure from which all other structures can be deduced by critical instabilities. During the P m3m → R3m transformation the unit cell remains unchanged in size and hence the critical point of the Brillouin zone of the paraphase is the point. According to Stokes and Hatch, 45 the active representation that accounts for the symmetry lowering P m3m → R3m is − 4 . The spontaneous physical quantities transforming according to this irreducible representation are the elastic deformation with the proper components e yz = e zx = e xy and the spontaneous polarization parallel to z below T c . In the same way, symmetry reductions to tetragonal P 4mm, orthorhombic Amm2, monoclinic Cm, monoclinic P m, and triclinic P 1 symmetries can theoretically be constructed using the same active representation that transforms as The trigonal R3m and tetragonal P 4mm phases are not group-subgroup related, however, they are connected with each other via their common subgroup Cm identified as the symmetry of the monoclinic M A and M B phase. The active representations accounting for the symmetry lowering R3m → Cm and P 4mm → Cm transform as 3 and 5 , respectively. The M A → M C phase transition is reconstructive and the Cm and P m space groups are not group-subgroup related. The transformation can proceed either via an orthorhombic O phase with Amm2 symmetry or via a triclinic phase with P1 symmetry. In the same way, a transformation from the orthorhombic O phase into the tetragonal T phase requires an intermediate phase with monoclinic symmetry being either of the M A /M B or M C type. Figure 16 depicts the possible directions of the polarization vector and the corresponding symmetries of PMN-PT phases. The components of the spontaneous polarization are related for all phases to a pseudocubic unit cell. In the ferroelectric rhombohedral R phase the components of the spontaneous polarization are P x = P y = P z = 0 corresponding to a polarization vector that is aligned along one of the cubic body diagonals (yellow line in Fig. 16 ). For P x = P y = P z = 0 a monoclinic structure with Cm symmetry is formed, which is of the M A type for P z > P x and of the M B type for P z < P x . The polarization vector lies in the plane that is indicated in blue in Fig. 16 . For P x = P y = 0, P z = 0 an orthorhombic structure with Amm2 symmetry is formed. Amm2 structures are also obtained for P x = P z = 0, P y = 0 and P x = 0, P y = P z = 0. The three possible directions of the polarization vector are indicated by violet lines in Fig. 16 . The symmetry is lowered to monoclinic P m when one of the polarization components is zero, but the other two being different, i.e., P x = P y = 0, P z = 0, P x = 0, P y = P z = 0, and P x = P z = 0, P y = 0. The polarization vector lies then in the a/b-, b/c-, or a/c-planes (beige planes in Fig. 16 ). If the polarization vector has only one nonvanishing component, a tetragonal structure with P 4mm symmetry is formed. The polarization vector points then along one of the three symmetry-equivalent axis of the pseudocubic unit cell (orange lines in Fig. 16 ). For general polarization components P x = P y = P z = 0 the spontaneous polarization is unconstrained by symmetry, the resulting phase has triclinic P 1 symmetry (all points inside the pseudocubic unit cell). For unpoled [111]-oriented PMN-29PT the following polarization rotation path is proposed :
C. Polarization rotation path
The polarization path that is followed by poled PMN-29PT is different from that of unpoled PMN-29PT. The following path can be proposed : or P x = P z = 0,P y = 0) → T (P x = P y = 0,P z = 0) → C (P x = P y = P z = 0). For symmetry reasons a monoclinic M A → M C phase transition is not allowed to occur in one step. An intermediate phase is mandatory, and it should have the triclinic P 1 symmetry, which was found to be stable, after Vanderbilt and Cohen, 17 should have an influence on the path that is followed by the polarization rotation. The energy differences between the single phases are very small, this means that the appearance and stability of the intermediate phases as well as the phase transition paths that are followed strongly depend on external parameters such as the chemical composition, the domain structure, the mobility of domain walls, and, last but not least, on the applied electric field, which favors the stability of phases having a polarization vector close to the direction of the electric field.
V. SUMMARY AND CONCLUSIONS
In the present paper we have studied the structural phase transitions of PMN-29PT single crystals using x-ray diffraction, optical UV/VIS, and Raman spectroscopy. The phonon characteristics in PMN-29PT have been analysed by using the concept of hard-mode Raman spectroscopy, allowing the elucidation of spectral changes related to phase transitions of PMN-29PT. Any change in the crystal structure or the physical properties give rise to a variation in the phonon behavior, and the analysis of the frequency, intensity, and linewidth evolution of the whole spectra as a function of temperature gives insight into the change of phases. The phonon characteristics in PMN-29PT show pronounced changes between 25 and 160
• C. For the poled PMN-29PT single-crystal, transitions at 97-100, 105-112, and 125-140
• C are found, indicating a phase transition path of M A → Tr → M C → T → C. The transitions between 97 and 140
• C are clearly demonstrated by dielectric measurements and Raman spectroscopy. The stability range of the bridging triclinic phase is probably very small; it will be a challenging task to prove its existence by a temperaturedependent structural analysis. For the unpoled crystal, transitions at 42-43, 60-62, 85-95, 99, and 110-116
• C are detected, representing a transition path from the rhombohedral to the cubic phase via intermediate monoclinic and orthorhombic phases: R → M B → O → M C → T → C. All transitions are confirmed by at least two complementary methods.
The occurrence of additional low-temperature intermediate phases, as evidenced by dielectric, optical and Raman spectroscopy, is, in itself, not surprising. It has already been pointed out 49 that the structural changes from an R3m to a P 4mm space group are very large (R3m and P 4mm are not group-subgroup related) while an intermediate phase or phases could make such a change energetically more plausible. According to Bismayer, 42 the different symmetry-breaking steps in a sequence of phase transitions should be also considered. The formation of one or two intermediate phases, at least on a local scale, may reflect such a stepwise transition from a low-symmetry monoclinic to a high-symmetry cubic phase.
In summary, a structural phase transition is induced by applying an external electric field, as evidenced by x-ray diffraction, UV/VIS, and Raman spectroscopy. The poled crystal possesses probably a monoclinic structure with Cm symmetry, whereas the unpoled crystal exhibits a rhombohedral structure at ambient temperature. The complementary use of temperature-dependent dielectric measurements, optical UV/VIS, and Raman spectroscopy on PMN-29PT allows us to propose the existence of further low-temperature intermediate phases, which might be seen as bridge phases buffering the important rhombohedral-tetragonal symmetry change taking place as a function of temperature. Finally, we have conducted a rigorous group-theoretical analysis in order to corroborate the experimental observations. Nevertheless, further diffraction and spectroscopic work is necessary in order to determine the structures and/or local symmetries of the intermediate orthorhombic and triclinic phases.
